Reverse bias leakage in bulk GaN-on-GaN pn diodes has been studied as a function of time. A peak was observed in the current transient and attributed to impurity band conduction along dislocations which is modulated by the field effect of charged decorating clusters. This model is consistent with reports of vacancy clustering around dislocations during growth. V C 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5033436
Gallium Nitride (GaN) is an ideal material for high power electronics due to its high electron mobility and high breakdown field, with the performance of GaN diodes exceeding the theoretical limits of SiC and demonstrating faster switching than Si diodes. [1] [2] [3] The development of vertical power devices allows for a higher power density. However, until recently, this technology has been limited by the availability of high quality bulk GaN with low dislocation densities. 4 The dislocation density in GaN-on-GaN wafers ($10 6 cm
À2
) is much lower than GaN grown on other substrates (e.g., silicon where dislocation density is typically 10 9 cm
) and as reverse leakage correlates with the dislocation density, GaN-on-GaN reverse leakage currents are considerably lower than GaN-on-Si. 5, 6 The mechanism of the reverse leakage in Si doped GaN has been an area of intensive study, with experimental work demonstrating the leakage I-V to be consistent with variable range hopping. 7, 8 It has also been observed that the current density closely follows the dislocation density, with the compelling conclusion that dislocations are the source of the hopping states. 9, 10 Thus it is understood that hopping takes place along the dislocation core. 4 This work furthers the understanding of the leakage dynamics by investigation in the time domain. The findings suggest that the leakage path is via conduction in an impurity band (IB) in the dislocation core, as recently speculated in leakage through carbon doped GaN, 11, 12 and influenced by the field effect of charged, decorating clusters.
The GaN substrate in this study was grown by hydride vapor phase epitaxy. 13, 14 On this, four GaN layers were grown by metal-organic chemical vapor deposition (MOCVD), starting with an interfacial n þ layer. The junction consisted of a 5 lm n À drift region and a 0.5 lm p þ layer, doped with 3 Â 10 16 cm À3 silicon and 4 Â 10 19 cm À3 magnesium, respectively. Finally, a thin p þþ layer was grown for ohmic contacting. A photoresist erosion and dry etch process was used on the p-GaN to leave a truncated conical structure with a circular pn junction, shown schematically in Fig. 1(a) . The structure had an edge termination bevel angle of [7] [8] [9] [10] to reduce the peak field on the surface compared to the bulk. 15 The device area was 0.25 mm 2 with the ohmic contact metals Ti/Al on the n-GaN and Ni/Au on the p-GaN. These contact recipes were developed for LED fabrication and deliver fully ohmic contacts. An ideality factor of 1.4 was measured for the diode, with a hard breakdown voltage of around 250 V. Current and capacitance transient measurements of 1000 s duration were performed both during and after reverse bias stress. The measurement sequence of increasing reverse bias stresses from 20 V to 100 V is shown in Fig. 1(b) . The capacitance and current transients were measured during separate runs of this sequence with immediate repeat measurements giving the same result. Varying reverse bias between 0 and 100 V changed the capacitance between 30.9 pF and 7.8 pF, corresponding to a depletion width increasing from 0.6 lm to 2.5 lm.
The capacitance and current transients during stress, shown in Fig. 2 , exhibited a small relaxation which lasted for >1000 s with a feature whose position in time was voltage dependent. For the capacitance transients, this feature was a small plateau, whereas in the current transients, this was a . Recovering after the stress was removed, the transients extended over similar time scales. The observed recovery current transient had the opposite sign to that seen during the stress. The charge during the recovery current transient (calculated by integrating the current over time) was also approximately constant after all stress voltages but about five times larger in magnitude (2.31 6 0.04) Â 10 11 cm
. Across the sample, some variability was seen in the amplitude of these features, with the data shown here being one of the most distinct cases. Interestingly, the transients showed no strong trend with increasing temperature where behaviour was largely the same in the tested 30-120 C range. The current transients during a reverse bias stress of 100 and 20 V are shown in Fig. 3 at various temperatures.
The decreasing capacitance during stress implies the depletion region was expanding, either by 1%-3% if in the nGaN or by 40%-110% in the p-GaN (assuming 1% activation 16 ) It has not been possible to distinguish which one of those is occurring and both are plausible. Although there have been previous reports of current transient peaks being observed in reverse biased pn junctions, these have been in conjunction with a shrinking depletion region and were the result of the increased emission rate of deep states due to Poole-Frenkel emission as the field increased. 17 Whereas here, the depletion region was expanding so this model cannot explain the transient features. Mechanisms based on the summation of multiple trap states with different time constants cannot explain the behaviour. Surface leakage was disregarded as a mechanism since there was no difference in the transient current when illuminating the bulk or surface of the junction with below bandgap light. If surface leakage were the cause of the transient, illumination of the bulk would have no effect whilst surface illumination would increase the current by lowering the barrier to hopping. This was not seen, therefore, to explain the shape of these transients, a different model is required.
Regardless of which side the expansion occurs, it must be driven by a reduction of the net trap charge density i.e., a reduction of the net positive (negative) trap charge on the n-(p-)side. Considering here only the case of n-side expansion (though the analog can be applied equally on the p-side), this means during the stress ionised deep donors are neutralised, or neutral deep acceptors are ionised. Considering a simple pn junction, the only region where this can happen is limited to a few nanometres on the n-side of the pn junction as depicted in Fig. 1(c) . In this sketch, the quasi-Fermi levels split as carriers are swept out of the depletion region, and as a result, the quasi-Fermi level for electrons and holes (E F,n and E F,p ) move down and up, respectively. Within a few nanometres of the junction, the quasi-Fermi level for holes can move above a donor trap level during reverse bias to produce the observed reducing capacitance transient.
Our model breaks the current transient down into two components. The first is related to emission which must be present to cause the capacitance transient. Any capacitance transient is caused by a changing charge density which in this case on the n-side is due to the capture of electrons or emission of holes, and will give rise to a transitory displacement current which is related to the capacitance by
Since in this measurement V is constant, the second term is zero and the displacement current is directly proportional to the rate of capacitance change. This current, predicted from the capacitance transients with Eq. (1), is compared with the measured current transients in Fig. 2(c) as dashed lines. In the initial phase of the transient at short times, and which is best seen in the 20 V and 40 V transients, the measured current transient is in reasonable agreement with that predicted from the capacitance transient. This implies that this portion of the current transient is primarily a direct result of the capture of electrons or the emission of holes in the depletion region. However, it cannot explain the peak seen in Fig. 2(c) . At higher stress voltages, or longer times, an increase in the current is observed above that associated with the change of the charge state of traps, reaching a peak and then followed by a slow decrease. Hence, this must be associated with the turn-on and subsequent relaxation of a leakage path between the contacts. Here, we suggest that this is attributed to the "turning on" of dislocation leakage. We assume that the rate limiting step for transport in the peak is along the dislocation, and that contact between the dislocation and the nþ and pþþ contacts is lower resistance, perhaps involving a tunnelling mechanism. One possible model is based on the observation that vacancies in GaN diffuse through the crystal during growth and gather at extended defects. 18 It is proposed that the changing occupancy of the trap states clustered around the dislocation drives the capacitance change, as well as gates the dislocation and modulates its conductivity. Presuming variable range hopping (VRH) as the conduction mechanism along the dislocation core, 4,19 the hopping probability depends on the density of trap states around the Fermi level. 20, 21 The field effect from the clusters of traps can change the occupancy of the dislocation core states, and if they are in a defect band, then maximum conductivity will arise when it is half occupied. Therefore, movement of the Fermi level through an impurity band [by (dis)charging the clustered states] would result in a peak in the conductivity of the dislocation core as the occupancy of the band changes from empty to full (a 1D analog of the findings of Fowler and Hartstein 22 ). Here, we propose that the (dis)charging of the clustered trap states (1) changes the net charge density and generates the capacitance transient, (2) gives rise to a transitory displacement current, and (3) moves the Fermi level through an impurity band thus creating a peak in the conductivity along the dislocation core.
A qualitative example of how clustered states can cause a transient shift in the Fermi level is shown in Fig. 4 and this is related to the observed current transient behaviour in Fig. 5 . This example uses deep donors in n-GaN, but the same effect can be applied with any deep trap in n-type or ptype GaN. Threading dislocations in n-GaN have been directly observed to be negatively charged with the potential in the core reduced by up to 2.5 V within 10 nm. [23] [24] [25] Conversely, dislocations in p-GaN are positively charged. 23, 26 This makes the dislocation in n-GaN slightly p-type resulting in the equilibrium band-structures shown in Fig. 4(b) , here we assume the core contains an impurity band and is surrounded by ionised deep donor clusters. Under the assumption that the pGaN layer and the dislocation core are electrically in contact, putting the diode in reverse bias will also put the dislocation core in reverse bias within the n-type layer. This will cause the deep donor states to discharge and become neutral over $1000 s [ Fig. 4(c) ], presumably by hole tunnelling to the dislocation core (a temperature independent process 27 ) The result is a reducing net depletion charge, reducing effective doping density (bulk capacitance decreases) and a decreasing Fermilevel in the core which, supposing an impurity band in that region, would lead to a peak in conductivity demonstrated in Fig. 5 . Figure 4(a) shows a cross-section of the diode with a single dislocation, the depletion region extends further into the drift region around the dislocation as the charge density is locally reduced.
This model results in the transient process being temperature independent as seen in Fig. 3 . The recovery transients in Figs. 2(b) and 2(d) are also consistent with this model; the capacitance increases due to increasing net positive charge density as the clustered states return to their equilibrium charge state. The sign of the recovery current transient is opposite to that during the stress stage and shows no peak. Despite the Fermi level passing back through the impurity band and modulating the dislocation conductivity, it would produce no current since there is no applied field. Instead, the recovery current transient is attributed only to the displacement current from the recovering capacitance transient. In this case, the measured current cannot be compared with an expected displacement current as the potential distribution through the device [required for Eq. (1)] is not known. The mechanism by which an impurity band can give rise to a transient current peak. The transient current is shown decomposed into the displacement and leakage current components with energy vs density of states (DOS) diagrams before, during, and after the leakage current peak. As the Fermilevel is driven through the impurity band (like by a field effect as in Fig. 4) , the density of states increases from zero and goes through a maximum.
